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Recently,  an  inexpensive  monosaccharide-air  flow  battery  configuration  has  been  demonstrated  to  utilize 
a  strong  base  and  a  mediator  redox  dye  to  harness  electrical  power  from  the  partial  oxidation  of  glucose. 
Here  the  mechanistic  understanding  of  glucose  oxidation  in  this  unique  glucose-air  power  source  is 
further  explored  by  acid-base  titration  experiments,  13 C  NMR,  and  comparison  of  results  from  chem¬ 
ically  different  redox  mediators  (indigo  carmine  vs.  methyl  viologen)  and  sugars  (fructose  vs.  glucose) 
via  studies  using  electrochemical  techniques.  Titration  results  indicate  that  gluconic  acid  is  the  main 
product  of  the  cell  reaction,  as  supported  by  evidence  in  the  13 C  NMR  spectra.  Using  indigo  carmine 
as  the  mediator  dye  and  fructose  as  the  energy  source,  an  abiotic  cell  configuration  generates  a  power 
density  of  1 .66  mW  cnrr2,  which  is  greater  than  that  produced  from  glucose  under  similar  conditions  (ca. 
1.28  mW  cnrr2).  A  faster  transition  from  fructose  into  the  ene-diol  intermediate  than  from  glucose  likely 
contributed  to  this  difference  in  power  density. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

As  the  environmental,  social  and  economic  costs  of  traditional 
energy  sources  increase,  the  search  for  alternative  energy  sources 
continues  to  gain  momentum.  As  various  sources  of  energy  are 
examined  and  models  proposed,  fuel  cell  technologies  are  emerg¬ 
ing  as  one  of  the  most  efficient  methods  for  energy  harvesting  that 
convert  chemical  energy  into  electricity.  Discussions  around  fuel 
cells  are  almost  exclusively  concentrated  on  hydrogen  or  simple 
alcohol  types  in  proton-conducting  membrane-based  configura¬ 
tions  [1]  with  some  mentioning  of  solid  oxide  fuel  cells  using 
hydrocarbons  [2].  Unfortunately,  most  of  these  fuel  cells  predomi¬ 
nately  depend  on  expensive  precious  metal  catalysts  and  still  lack 
a  low  cost  fuel  from  natural  resources. 

A  fuel  cell/flow  battery  capable  of  directly  harvesting  electricity 
from  a  naturally  abundant  high-energy  source  would  provide 
great  promise  in  the  search  for  alternative  energy.  Such  high- 
energy  sources  of  fuel  could  easily  include  carbohydrates.  Simple 
monosaccharide  sugars  such  as  glucose  or  fructose  are  readily 
available  and  natural.  Tapping  into  these  energy  resources  would 
be  considered  environmentally  friendly  and  renewable.  Although 
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it  is  a  concern  to  use  food  crops  also  as  fuels,  there  are  substantial 
merits  to  pursue  this  pathway,  and  we  believe  potential  solutions 
to  minimize  or  even  avoid  such  conflict  can  be  found.  A  live 
example  is  that  Brazil  remains  active  in  the  pursuit  of  conversion 
of  sucrose  to  ethanol  for  its  transportation  needs.  Although  studies 
do  show  that  the  fermentation  of  corn  sugar  to  produce  ethanol 
results  in  a  net  gain  in  consumable  energy  [3  ],  the  process  is  energy 
intensive  and  ethanol  combustion  is  still  subject  to  the  constraint 
of  the  Carnot  cycle,  resulting  in  a  significant  loss  in  the  utilization 
of  the  chemical  energy  to  produce  useful  work.  Effective  and  direct 
conversion  of  the  same  chemical  energy  to  electric  power  by 
carbohydrate  electrochemical  cells  promises  better  efficiency  than 
those  via  the  fermentation  and  combustion  pathway  [3]. 

Previous  attempts  to  harness  power  from  glucose,  in  the  form 
of  a  fuel  cell,  have  predominantly  been  in  the  form  of  bio-fuel  cells 
that  utilize  biological  catalysts  [4-7]  or  microorganisms  [8-10]. 
These  biotic  approaches  have  additional  benefits  in  application 
and  fuel  sources  that  merit  continued  research.  Nonetheless,  these 
approaches  continue  to  battle  with  limited  power  output  and  life¬ 
time.  Abiotic  pursuits  in  carbohydrate  fuel  cell  designs  have  been 
hampered  by  the  inability  of  the  precious  metal-based  catalysts  to 
sustain  power  production  due  to  poisoning  or  fouling  [11,12]. 

Recently  two  abiotic  fuel  cell  designs  have  been  presented 
using  inexpensive  chemical  dyes  as  mediators  in  alkaline  solutions 
capable  of  harnessing  electrical  power  from  various  carbohydrates 
[13,14].  In  the  approach  reported  by  Wheeler  et  al.  [14],  the 
mediator  dye  is  considered  as  a  catalyst  and  a  complete  oxidation 
of  glucose  to  C02  to  harness  24  electrons  is  suggested  in  their 
elevated  temperature  cell  with  Nation  separator.  In  contrast,  the 
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the  UV  spectra  of  the  carbohydrate  and  NaOH  reaction  to  compare 
rates  of  intermediate  formation.  IC  is  a  mediator  dye  whose  redox 
potential  is  dependent  on  pH  [18].  This  property  is  different  from 
that  of  methyl  viologen  previously  used  in  our  experiments,  whose 
redox  potential  is  independent  of  pH.  This  difference  allows  further 
understanding  into  the  power  production  dependence  on  the  dye 
redox  potential.  Additionally,  comparisons  between  power  produc¬ 
tion  with  glucose  and  fructose  with  different  mediator  dyes  further 
reveal  the  reaction  step  that  is  affected  by  different  sugars  and  dyes. 
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Fig.  1.  An  illustration  and  schematic  of  a  monosaccharide-air  flow  battery  cell  made 
in  our  labs.  Cells  are  made  from  simple  containers  that  can  seal  an  air-breathing 
cathode  and  keep  it  in  contact  with  the  reaction  solution.  No  membrane  is  used,  and 
there  are  no  precious  metals  in  the  anode  or  cathode.  The  schematic  explains  the 
reactions  involved  in  the  cell  chemistry. 


2.  Experimental 

2.1.  Materials  and  preparations 

Indigo  carmine  (IC),  NaOH,  glucose,  and  fructose  were  pur¬ 
chased  from  Sigma-Aldrich  and  were  used  without  further 
purification.  Carbon  felt  (product  number  43199)  with  a  thick¬ 
ness  of  3.18  mm  was  purchased  from  Alfa  Aesar.  An  air-breathing 
oxygen-reduction  cathode  with  an  Mn02  catalyst  was  purchased 
from  Electric  Fuel  and  used  from  the  package  without  treatment. 

An  in  house  flow  battery  cell  apparatus  was  made  as  described 
previously  [13].  The  electrolyte  is  composed  of  NaOH,  glucose  or 
fructose,  and  mediator  dye  with  a  variation  in  concentration  of  each 
component. 

2.2.  Techniques  and  methods 
2.2 A.  Acid-base  titrations 

All  titrations  were  performed  with  1  M  hydrochloric  acid  and 
1 5  mL  samples  at  room  temperature.  Samples  contained  3  M  NaOH, 
1  M  glucose  and  lOmM  indigo  carmine  except  when  otherwise 
specified.  A  Microlab  interface  was  used  to  monitor  pH  change  and 
volume  added  during  titrations. 


abiotic  cell  reported  by  us,  as  shown  in  Fig.  1  [13],  operates  at  room 
temperature  and  does  not  require  the  use  of  separator.  The  medi¬ 
ator  merely  acts  as  a  charge  transfer  medium  and  does  not  act  as 
a  catalyst.  A  two-electron  redox  pathway  is  suggested  as  the  cell 
reaction  that  produces  power.  In  conjunction  with  a  commercially 
available  air-breathing  electrode,  both  approaches  can  generate  a 
considerable  amount  of  power,  as  high  as  3.8  mW  cm-2  in  some  of 
our  trials. 

Our  previous  report  [13]  included  preliminary  data  that  seemed 
to  suggest  a  limited  coulombic  efficiency  under  high  rates  in  long 
time  trials,  as  evidenced  by  the  fact  that  only  ~30%  of  the  available 
electrons  were  harnessed.  This  percentage  was  derived  based  on  an 
assumption  of  a  2-electron  oxidation  of  glucose  according  to  a  pro¬ 
posed  mechanism  suggested  in  literature  [15-17].  To  understand 
what  limits  the  coulombic  efficiency  and  how  to  improve  it,  fur¬ 
ther  insight  into  the  power  producing  mechanism  and  any  parasitic 
side  reactions  is  needed.  Therefore,  in  this  work,  better  mechanistic 
understanding  of  such  reactions  are  explored  using  acid-base  titra¬ 
tions,  13 C  NMR,  UV/VIS  and  by  using  an  alternative  carbohydrate, 
fructose,  and  an  alternative  mediator,  indigo  carmine  (IC).  This  is 
also  the  first  report  of  fructose  and  IC  being  used  in  our  abiotic  cells. 
IC  is  also  a  FDA  approved  food  dye,  making  it  a  safe  alternative  to 
the  previously  used  methyl  viologen  also  known  as  paraquat. 

Simple  acid-base  titrations  provide  evidence  of  end  products 
from  the  glucose  oxidation  as  well  as  the  resulting  OH-  concen¬ 
tration  in  the  solution.  These  titrations,  in  the  absence  of  one  of 
the  components  to  produce  power,  can  help  indicate  the  source 
of  parasitic  power  loss  to  side  reactions.  13C  NMR  data  can  help 
identify  reaction  products.  Comparing  power  production  from 
fructose,  in  contrast  to  its  chemical  isomer  glucose,  helps  substan¬ 
tiate  the  mechanism  of  the  reaction.  It  is  also  possible  to  monitor 


2.2.2.  13  C  NMR 

13  C  NMR  spectra  were  obtained  from  a  facility  at  the  University 
of  Hawaii  -  Manoa.  Samples  of  the  electrolyte  solution  were  taken 
every  hour  starting  from  0  h,  quick  frozen  with  liquid  nitrogen  and 
stored  at  -80  °C  during  sample  transfer. 

A  Bio-logic  VMP3  potentiostat/galvanostat  was  used  to  conduct 
all  electrochemical  measurements.  In  the  cell,  the  air-breathing 
cathode  material  was  exposed  to  the  open  air  without  any  addi¬ 
tional  airflow  or  oxygen  enrichment. 

3.  Results  and  discussion 

3A.  State  of  reducing  sugar  oxidation  and  origin  of  CO2 

It  has  been  reported  [14]  that  the  oxidation  of  glucose  via  a 
method  similar  to  the  one  presented  here  produces  the  ultimate 
breakdown  of  glucose  to  C02.  However,  we  have  not  seen  convinc¬ 
ing  evidence  that  C02  is  a  product  from  glucose  oxidation  in  the 
abiotic  cell  configured  in  our  labs.  It  would  be  very  valuable  if  all 
the  24  electrons  from  the  oxidation  of  glucose  to  C02  were  avail¬ 
able  to  such  abiotic  cells  for  electrochemical  power  generation  so 
the  full  potential  of  the  energy  content  in  the  carbohydrate  can 
be  harnessed.  It  is  therefore  critical  to  verify  if  complete  oxidation 
of  reducing  sugar  such  as  glucose  indeed  occurs  in  the  cell.  Get¬ 
ting  a  better  understanding  of  this  process  could  help  us  improve 
the  design  of  the  harnessing  apparatus  to  make  such  high  energy 
harvesting  possible. 

To  further  investigate  the  reaction  products  and  to  determine 
side-reaction  products  and  rates,  acid-base  titrations  of  samples 
that  contained  either  OH-  or  OH-  and  IC  were  compared  with  sam¬ 
ples  of  solutions  that  contain  these  components  with  glucose.  It  was 
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Fig.  2.  (a)  Titration  of  a  sample  of  OH-  (solid  line)  compared  to  that  of  a  sample  of 
OH  that  has  been  stirred  for  two  days  open  to  the  air  (dashed  line),  (b)  The  results 
of  titrations  of  a  sample  of  OH-  and  glucose  (dashed  line)  compared  to  a  sample 
of  OH-,  glucose  and  indigo  carmine  (dotted  line).  Both  of  these  samples  were  also 
stirred  open  to  the  air.  (c)  A  sample  of  OH-  and  glucose  (dashed  line)  compared  to 
a  sample  of  OH  ,  glucose  and  indigo  carmine  (dotted  line).  These  reactions  were 
under  a  nitrogen  atmosphere  with  a  cathode  collecting  electrons  from  the  reduced 
dye.  As  shown,  there  is  no  indication  from  titration  that  there  is  any  CO2  in  the  form 
of  the  carbonate  or  bicarbonate  ions  in  solution  when  the  CO2  from  the  atmosphere 
is  excluded. 


noticed  that  the  products  of  the  reactions  are  the  same  when  the 
sample  is  stirred  vigorously  under  an  02  atmosphere  (a  chemical 
pathway)  or  when  the  sample  was  allowed  to  transfer  electrons  to  a 
carbon  felt  anode  poised  at  a  potential  of  144  mV  by  the  mentioned 
cathode  material  (an  electrochemical  pathway).  In  both  cases,  the 
ultimate  electron  acceptor  is  02,  as  expected  in  the  glucose  oxida¬ 
tion. 

The  ultimate  concentration  of  OH-  in  solution  corresponds  to 
the  first  sigmoidal  titration  dip  on  acquired  titration  plots,  as  shown 
in  Fig.  2.  This  is  consistent  with  OH-  being  the  strong  base  in  these 
samples.  The  next  two  drops  in  the  titration  curves  correspond 
to  the  formation  of  carbonate  and  bicarbonate  ions  with  p/Cas  of 


10.3  and  6.4,  respectively.  The  final  protonated  product  from  this 
series  of  reactions  has  a  p/Ca  of  ca.  3.7.  This  is  consistent  with  what 
would  be  expected  from  gluconolactone,  which,  when  protonated, 
becomes  gluconic  acid. 

Fig.  2(a)  shows  a  titration  curve  of  a  sample  OH-  solution  (solid 
line)  compared  to  that  of  a  OH-  solution  that  has  been  stirred  for 
two  days  open  to  the  air  (dashed  line).  The  amount  of  the  OH-  (3  M) 
dissolved  in  the  sample  (15  mL)  is  equal  to  about  45  mL  of  1  M  HCl 
titrated,  as  clearly  indicated  by  the  solid  line  with  a  fresh  solution. 
It  is  known  that  C02  could  dissolve  in  alkaline  solution,  as  expe¬ 
rienced  in  alkaline  fuel  cells  and  metal-air  batteries.  As  expected, 
the  stirred  OH-  sample  solution  traps  C02  from  the  air  as  carbon¬ 
ate  and  bicarbonate  ions.  The  quantity  of  the  trapped  carbonate 
and  bicarbonate  ions  is  equivalent  to  the  amount  of  OH-  lost,  as 
indicated  by  the  same  terminal  point  at  about  45  mL  of  HCl  that 
has  been  added  to  the  samples  in  the  titration.  13  C  NMR  data  of 
such  stirred  samples  also  confirms  the  presence  of  carbonate  and 
bicarbonate  ions. 

Fig.  2(b)  shows  the  results  of  titrations  of  a  sample  of  OH-  and 
glucose  solution  (dotted  line)  and  a  sample  of  OH-,  glucose  and  IC 
solution  (dashed  line).  Both  samples  were  also  stirred  open  to  the 
air.  When  glucose  is  present  in  the  alkaline  solution  (dotted  line)  a 
chemical  species  with  a  p/Ca  of  3.7  appears,  which  was  not  observed 
previously  in  samples  shown  in  Fig.  2(a).  When  IC  is  added,  the 
amount  of  the  chemical  species  with  a  p I<a  of  3.7  increases  (dashed 
line).  This  observation  suggests  the  concentration  of  this  chemical 
species  (p/Ca  =  3.7)  is  increased  by  the  presence  of  the  dye.  The  pres¬ 
ence  of  this  chemical  species  with  p/Ca  of  3.7  is  consistent  with  the 
hypothesis  that  glucose  is  deprotonated  to  produce  an  intermedi¬ 
ate,  resulting  in  the  formation  of  gluconolactone  or  gluconic  acid. 
It  also  supports  the  proposed  mechanism,  that  the  mediator  dye 
serves  as  the  medium  of  removing  electrons  from  the  intermediate 
to  form  gluconolactone.  The  presence  of  the  dye  alters  the  equi¬ 
librium  among  the  species  involved  in  the  reaction  according  to 
Le  Chatelier’s  Principle.  It  also  indicates,  however,  that  even  in  the 
absence  of  the  dye  there  is  a  side  reaction  that  oxidizes  the  glucose 
in  the  formation  of  the  species  with  a  p I<a  of  3.7,  which  does  not 
lead  to  the  production  of  power  as  evidenced  by  previous  exper¬ 
iments  [13].  This  simple  acid-base  titration  experiment  confirms 
the  presence  of  a  chemical  pathway  for  the  cell  reaction  to  produce 
gluconic  acid  as  a  result  of  glucose  partial  oxidation  in  the  alkaline 
solution.  The  presence  of  the  mediator  dye  alters  the  equilibrium 
of  this  reaction. 

The  observation  of  the  species  present  with  a  p/Ca  of  3.7  is  likely 
due  to  the  fact  that  the  concentration  of  hydroxide  and  glucose 
are  significantly  higher  than  that  of  IC.  Thus,  the  concentration 
of  ene-diol  intermediate  formed  at  any  given  time  is  likely  much 
higher  than  the  concentration  of  IC.  The  strong  basic  environment 
apparently  drives  the  formation  of  gluconic  acid  from  the  interme¬ 
diate  even  in  the  absence  of  IC.  Because  the  chemical  conversion 
of  glucose  to  gluconic  acid  without  IC  reduces  the  amount  of  elec¬ 
trons  available  to  the  IC,  power  production  could  be  improved  by 
identifying  a  more  soluble  redox  dye. 

When  the  reaction  occurs  in  a  nitrogen  atmosphere,  as  shown 
in  Fig.  2(c),  there  is  no  indication  from  titration  that  there  is  any 
C02  in  the  form  of  the  carbonate  or  bicarbonate  ions  in  solution. 
This  is  also  the  result  when  the  atmosphere  is  100%  oxygen  or 
when  the  sample  is  simply  not  stirred  and  in  its  early  stage  with¬ 
out  side  reaction.  The  13 C  NMR  of  samples  that  are  stirred  under 
nitrogen  atmosphere  or  simply  not  stirred  is  also  consistent  with 
the  assumption  that  there  is  no  appreciable  amount  of  carbonates 
in  these  samples.  Fig.  3  shows  13C  NMR  data  (a)  before  cell  opera¬ 
tion  and  (b)  after  1 1  h  of  cell  operation.  The  peak  around  1 85  ppm  is 
consistent  with  that  of  gluconic  acid.  Its  magnitude  also  correlates 
with  a  peak  around  22  ppm,  whereas  the  corresponding  chemical 
species  has  yet  to  be  identified.  The  peak  at  22  ppm  is  relatively 
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Fig.  3.  13 C  NMR  data  (a)  before  and  (b)  after  1 1  h  of  cell  operation. 


far  upfielded  and  is  likely  not  attached  to  oxygen,  which  is  quite 
interesting  and  requires  further  investigation.  The  NMR  does  con¬ 
firm,  however,  that  carbonate  is  not  a  product  of  this  reaction  under 
these  conditions.  The  inset  of  Fig.  3(b)  shows  the  ratio  of  the  glu¬ 
conic  acid  peak  with  the  glucose  peak  vs.  hours  of  cell  operation, 
showing  its  continuous  increase.  As  gluconic  acid  seems  to  be  the 
primary  product  from  cell  reaction,  it  may  be  possible  to  recover 


the  product  and  utilize  it  in  some  value-added  downstream  pro¬ 
cesses.  A  successful  application  would  depend  on  the  development 
of  a  method  to  separate  the  gluconic  acid  from  other  components 
in  the  cell,  especially  the  dye. 

Fig.  4  shows  the  polarization  behavior  in  power  generation  and 
its  dependence  on  the  three  different  components  of  the  cell:  (a) 
OH-,  (b)  glucose  and  (c)  IC.  All  perturbations  in  this  figure  were 
made  from  a  cell  with  2  M  NaOH,  20  mM  IC  and  1  M  glucose.  This 
power  level  can  be  compared  to  that  from  glucose  and  methyl  vio- 
logen  [13]  and  that  from  fructose  in  Fig.  5.  A  comparison  of  the 
maximum  power  and  current  density  produced  by  fructose  and 
glucose  under  these  circumstances,  as  shown  in  Fig.  6,  indicates 
that  fructose  produces  higher  maximum  power  and  current  densi¬ 
ties.  It  should  be  noted  that  the  abrupt  change  from  the  maximum 
power  condition  to  short  circuit  is  indicative  that  the  mass  trans¬ 
port  of  the  reduced  dyes  is  the  rate  determining  step  in  both  cases. 
Thus,  the  kinetics  of  the  intermediate  formation,  charge  transfer 
between  the  intermediate  and  dye,  and  between  dye  and  current 
collector,  are  not  the  rate  determining  factors  in  the  generation  of 
power.  This  suggests  that  the  concentration  of  reduced  dyes  (in 
proportion  to  the  maximum  current  density)  is  slightly  higher  in 
the  case  of  fructose.  Such  a  result  suggests  that  the  turnover  rate 
of  the  reduced  dye  formation  is  higher  in  fructose  than  in  glucose. 
This  is  likely  due  to  (1)  a  higher  concentration  of  ene-diol  inter¬ 
mediate  (as  a  result  of  higher  rate  of  ene-diol  formation  from  the 
fructose-NaOH  reaction),  (2)  a  higher  charge  transfer  rate  between 
intermediate  and  oxidized  dye,  or  (3)  a  combination  of  the  above 
two  factors,  resulting  in  an  increased  rate  of  dye  reduction.  Thus, 
the  slight  difference  between  the  fructose  and  glucose  intermediate 
(Scheme  1)  alters  the  reduced  IC  concentration  in  the  solution.  To 
gather  evidence,  comparing  the  ratio  of  power  production  between 
glucose  and  fructose  using  different  dyes  was  further  conducted. 

When  this  experiment  was  performed  and  the  ratios  examined, 
we  found  that  the  percentage  of  the  maximum  power  produced  by 
glucose  compared  to  that  by  fructose  varies  insignificantly  among 
various  dyes.  For  tryphan  blue,  glucose  produces  only  29.7%  of  the 
power  density  that  fructose  produces  under  the  same  environment. 
Similarly,  for  quanalicarin,  glucose  produces  22.4%  of  the  power 
density  that  fructose  produces.  For  IC,  the  result  is  34.5%  and  for 
methyl  viologen,  31 .3%.  Although  these  results  vary,  it  is  consistent 
that  fructose  is  better  than  glucose  in  all  cases.  However,  because 
these  ratios  are  relatively  close  to  one  another,  it  is  unlikely,  for 
example,  that  IC  favors  the  interaction  between  the  fructose  inter¬ 
mediate  over  that  of  glucose  and  that  the  chemical  structure  of 
quanalicarin  discriminates  less  between  the  two  intermediates.  It  is 
more  likely  that  fructose  has  an  equilibrium  that  leans  more  toward 
the  side  of  the  intermediate,  making  more  intermediate  available 
to  the  redox  dye. 
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Fig.  4.  Cell  polarization  curves  with  various  concentrations  of  (a)  NaOH,  (b)  glucose,  and  (c)  indigo  carmine. 
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Fig.  5.  Cell  polarization  curves  with  various  concentrations  of  (a)  NaOH,  (b)  fructose,  and  (c)  indigo  carmine. 


These  percentages  also  coincided  to  a  degree  with  the  lower 
level  of  the  maximum  power  density  produced  by  cells  with  differ¬ 
ent  dyes.  Therefore,  it  is  comfortable  to  say  that  these  percentages 
in  reference  to  differences  in  power  generation  are  due  to  the  dif¬ 
ferences  in  rate  capability  by  various  dyes  in  response  to  increase 
in  drawing  current  from  a  given  cell  configuration.  To  perform 
this  experiment  more  effectively,  it  would  be  necessary  to  iden¬ 
tify  a  group  of  dyes  that  are  chemically  different  and  yet  produce 
a  significant  and  similar  amount  of  power,  when  compared  to 
one  another,  with  this  cell  configuration.  The  dyes  chosen  here 
are  the  best  power  producers  from  45  different  dyes  tested.  From 
the  experiments  here,  it  is  noted  that  if  there  is  a  difference  in 
the  intermediate  structure  it  cannot  be  concluded  that  differ¬ 
ent  redox  dyes  interact  more  or  less  favorably  with  the  different 
intermediates. 

In  previous  renditions  of  these  types  of  cell  configurations, 
methyl  viologen  was  used  predominantly  as  the  mediator  dye.  It 
is  useful  to  note  that  a  unique  role  of  the  strong  base  in  this  cell  is 
to  provide  a  favorable  electrochemical  potential  for  the  oxidation  of 


reducing  sugars  to  reduce  methyl  viologen.  Using  a  dye  such  as  IC, 
whose  redox  potential  is  dependent  on  the  concentration  of  base, 
we  could  study  the  reaction  rate  dependence  on  the  concentration 
(thus,  chemical  potential)  of  base.  Hence,  we  could  determine  the 
critical  level  of  base  concentration  that  is  needed  to  deprotonate 
the  reducing  sugar  to  produce  the  ene-diol  intermediate,  providing 
some  insight  to  the  mechanism. 

Measuring  the  concentration  of  the  intermediate  formed  by  the 
oxidation  of  reducing  sugar  is  achieved  by  monitoring  the  visible 
spectral  change  of  a  solution  that  contains  only  OH-  and  the  sugar 
of  interest.  Fig.  7(a)  shows  the  resulting  spectra  of  the  combina¬ 
tions  of  base  with  glucose,  mannose  and  fructose,  respectively. 
Individually,  there  is  no  significant  absorbance  in  this  region  for  the 
solution  of  OH-  or  any  of  the  sugars.  When  combined  with  base,  all 
three  sugars  exhibit  very  similar  absorption  spectra  in  the  visible 
region,  indicating  the  formation  of  the  ene-diol  intermediates  can 
be  traced  by  the  change  of  the  absorbance  in  the  spectra.  Thus,  the 
rate  of  the  formation  of  these  intermediates  can  be  determined 
by  monitoring  7\40o  vs.  time,  as  shown  in  Fig.  7(b).  It  is  clear  under 


fructose  ene-diol  intermediate 


Scheme  1.  Mechanism  showing  the  chemical  transformation  of  glucose  and  fructose  to  gluconic  acid. 
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Fig.  6.  Comparison  of  power  density  generated  by  fructose  and  glucose  in  the  pres¬ 
ence  of  NaOH  and  indigo  carmine,  with  the  maximum  at  about  1.7  mWcirr2  and 
1.3  mW  cm-2  with  cell  voltage  of  about  250  mV  and  200  mV,  respectively. 


the  same  concentration  of  different  reducing  sugars,  fructose  has 
a  much  faster  rate  of  intermediate  formation  among  the  three. 

This  is  consistent  with  the  hypothesis  that  as  more  ene-diol 
intermediates  become  available,  it  shall  increase  the  rate  of  the  re¬ 
reduction  of  the  oxidized  dyes,  which  should  result  in  an  enhanced 
current  density,  as  evidence  of  higher  turnover  rate  with  fructose. 
On  the  other  hand,  in  our  experiments  (as  shown  in  Fig.  6)  the  over¬ 
all  power  density  in  the  power  profile  of  fructose  does  not  increase 
to  the  same  degree  as  the  rate  of  intermediate  formation.  It  is  likely 
that  the  amount  of  available  dye  is  already  maximized  and  that 
higher  power  density  production  is  likely  achievable  by  a  more  sol¬ 
uble  dye.  This  identifies  the  concentration  of  the  dye  as  one  of  the 
limiting  factors  in  the  amount  of  power  that  can  be  produced  by 
the  abiotic  cells  using  fructose  as  a  fuel.  Fig.  7(c)  also  shows  that 
as  the  concentration  of  the  monosaccharide  increases,  less  amount 
of  base  is  required  to  reach  high  rates  of  intermediate  formation. 
In  other  words,  intermediate  formation  also  depends  on  monosac¬ 
charide  concentration.  This  is  also  consistent  with  increased  power 
production  at  increased  concentrations  of  monosaccharide,  as  we 
saw  in  Fig.  6. 

The  relationship  between  the  difference  in  turnover  rate  and 
the  mechanism  of  the  intermediate  formation  is  also  intriguing 
between  glucose  and  fructose  reactions.  The  chemical  transforma¬ 
tion  of  ene-diol  intermediate  requires  a  deprotonation  of  one  of 
the  carbons  near  the  carbonyl  in  the  sugars.  This  deprotonation  is 


facilitated  in  the  case  of  fructose  likely  due  to  charge  stabilization 
provided  by  the  keto  oxygen  compared  to  that  of  the  aldehyde  car¬ 
bonyl  oxygen  in  glucose.  This  difference  should  also  explain  why 
mannose  intermediate  formation  and  power  production  is  similar 
to  those  of  glucose.  The  intermediates  in  all  three  monosaccha- 
raides  are  obviously  similar,  as  evidenced  by  the  interconversion 
between  fructose  and  glucose.  This  is  further  supported  by  the 
similarity  in  the  absorption  spectra  for  the  three  sugars. 

It  is  also  of  interest  to  determine  the  number  of  electrons 
transferred  in  the  sugar  oxidation  over  long  periods  of  time.  The 
coulombic  efficiency  in  the  experiments  is  determined  by  the  ratio 
of  the  number  of  electrons  that  result  from  the  abiotic  cells  rel¬ 
ative  to  the  number  of  electrons  that  are  theoretically  available 
based  on  the  concentration  of  glucose,  assuming  2  electrons  per 
monosaccharide  molecule.  These  experiments,  when  allowed  to 
completely  discharge  the  cells,  result  in  between  ~97%  and  130% 
in  the  coulombic  efficiency  calculation.  The  results  suggest  that  the 
simple  two-electron  oxidation  step  as  originally  assumed  might 
not  be  sufficient  in  explaining  the  cell  reaction  completely.  More 
experiments  to  gain  more  details  of  the  reducing  sugar  oxidation 
mechanism  are  necessary.  We  suspect  that  the  additional  reac¬ 
tion^)  that  have  yet  to  be  identified  may  also  explain  the  unknown 
compound  in  the  NMR  data.  Understanding  this  mechanism  fully 
would  be  of  great  value  to  make  more  electrons  available  from  the 
reducing  sugars. 

In  terms  of  the  lifetime  of  such  cells,  the  components  used  in 
the  cathode  and  anode  are  primarily  carbon-based  and  thus  quite 
durable.  Although  no  durability  data  has  been  shown  with  the  cell 
operation,  in  our  limited  experiences,  we  have  not  observed  any 
noticeable  signs  of  wear  and  tear  that  could  affect  the  cell  perfor¬ 
mance  from  run  to  run.  Thus,  when  the  fuel  solution  is  replenished, 
these  cell  components  can  be  used  repeatedly.  Although  there  is 
no  apparent  indication  that  the  IC  is  degraded  under  the  current 
operating  conditions,  it  is  difficult  to  determine  the  extent  of  the 
durability  and  recyclability  of  the  IC.  It  seems  necessary  to  develop 
an  effective  method  to  separate  IC  from  the  other  chemical  con¬ 
stituents  in  the  solution  or  effluent  in  order  to  recover  and  reuse 
the  dye. 

Scheme  1  identifies  reasonable  intermediates  from  the  two 
different  sugars  and  a  reasonable  chemical  conversion  to  the  pre¬ 
dominant  product  of  gluconic  acid.  The  results  of  power  generation 
obtained  from  the  utilization  of  different  dyes  in  the  experiments 
do  not  suggest  that  the  slight  difference  in  the  intermediates 
formed  between  the  deprotonation  of  glucose  and  fructose  is 
responsible  for  the  better  power  production  from  fructose.  Fruc¬ 
tose  likely  produces  more  power  than  glucose  because  of  its 
ability  to  stabilize  the  negatively  charged  oxygen  of  the  ene-diol 
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Fig.  7.  (a)  Absorption  spectra  of  fructose  (dashed  line),  glucose  (solid  line)  and  mannose  (dotted  line)  in  the  presence  of  NaOH.  (b)  Increase  of  absorbance  at  400  nm  vs.  time 
with  1  M  glucose  (square  line),  1  M  mannose  (diamond  line)  and  1  M  fructose  (triangle  line),  (c)  Rate  of  reaction  of  0.25  M  glucose  (dashed  line),  0.5  M  glucose  (solid  line)  and 
1.0  M  glucose  (dotted  line)  with  increasing  concentration  of  NaOH. 
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intermediate  with  a  secondary  carbon  as  opposed  to  a  primary 
carbon  as  in  the  case  of  glucose.  The  hypothesis  that  IC  reactive 
intermediates  are  more  stable  with  ene-diol  motif  forms  on  a 
secondary  carbon  also  explains  why  power  production  of  other 
aldol  sugars  is  similar  to  that  of  glucose,  as  reported  in  Ref.  [13]. 

4.  Conclusions 

The  acid-base  titration  experiments  did  not  indicate  that  there 
is  any  significant  trace  of  C02  production  from  the  abiotic  cell  reac¬ 
tion  under  the  power  generation  conditions  tested.  The  primary 
product  revealed  by  the  titration  experiments  has  a  p/Ca  consis¬ 
tent  with  that  of  gluconic  acid.  The  existence  of  gluconic  acid  is 
further  confirmed  by  the  presence  of  an  appropriate  peak  around 
1 85  ppm  in  the  13C  NMR  spectra.  The  NMR  spectra  also  suggest  that 
an  additional  product  might  exist  and  is  yet  to  be  identified.  This 
unknown  compound  seems  to  have  a  carbon  that  is  not  attached 
to  oxygen,  and  there  may  be  more  peaks  masked  within  the  car¬ 
bon  peaks  of  the  glucose.  The  possibility  of  an  additional  reaction 
besides  the  simple  two-electron  reducing  sugar  oxidation  in  the 
charge  transfer  mechanism  for  power  generation  also  exist,  as  sug¬ 
gested  by  the  results  of  coulombic  efficiency  experiments,  in  which 
more  than  100%  in  coulombic  efficiency  was  obtained  in  some 
cases. 

The  utilization  of  fructose  produces  a  higher  power  density 
than  that  of  glucose.  Also,  the  rate  of  intermediate  formation  is 
significantly  faster  in  the  reaction  of  fructose  than  glucose.  The 
rate  of  intermediate  formation  depends  upon  the  concentration  of 
base  as  well  as  the  concentration  of  the  sugar.  Although  the  power 
generation  strongly  depends  on  the  concentrations  of  OH-  and 
sugar,  because  the  dye  concentration  is  at  least  an  order  of  mag¬ 
nitude  less,  it  is  likely  that  the  amount  of  dye  as  shuttle  medium 
constrains  the  power  generation.  It  also  implies  that  significantly 
more  power  can  be  harnessed  by  increasing  the  concentration 
of  dye  in  the  solution,  which  needs  a  fundamental  improvement 
of  dye  solubility  in  the  solution.  With  the  possibility  that  more 
than  two  electrons  could  be  harvested  from  the  reducing  sugars 


in  this  abiotic  cell  configuration,  improvement  in  the  extent  of 
power  generation  should  be  expected  with  additional  optimization 
through  the  understanding  of  the  mechanism. 
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